Abstract: An AC (alternating current) LED exhibited the advantages of a low drive current, low static electricity, lack of a need for a rectifier, and high extraction efficiency. The input operating voltage of an AC LED is around 80V, and its operating frequency is 120 Hz or less. When the voltage is converted, a time gap of 1/120 s (10 ms), called dead time, is generated. This time gap is closely related to the scintillation phenomenon. Therefore, AC LEDs that have a phosphor composition, whose half-life composition can compensate for dead time that is generated during the voltage conversion, are sought to solve the problem of scintillation. The object of this work is to provide a phosphor SrSi 2 O 2 N 2 :Eu 2+ ,Mn 2+ for AC LEDs, in which the dead time that is generated during the voltage conversion is compensated for by the half-life of the phosphor. 1904-1908 (2008). 26. V. Bachmann, T. Justel, A. Meijerink, C. Ronda, and P. J. Schmidt, "Luminescence properties of SrSi2O2N2 doped with divalent rare earth ions," J. Lumin. 121(2), 441-449 (2006).
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Introduction
Next-generation solid state lighting is based on white light-emitting diodes (WLEDs). They have attracted increasing attention because of their high brightness and light extraction efficiency, long lifetime, various sizes for produce, and environmental friendliness. In 2009, the journal, Nature, claimed that bulb technology was due for a change [1] . To protect the environment by saving energy and reducing carbon dioxide emissions, light-emitting diodes are the strongest candidate. WLEDs are widely used as backlights in electronic devices or displays, and they are expected to replace traditional fluorescent lamps for general lighting purposes because their efficiency and color rendering properties are significantly better. The most common white LED is composed of a yellow cerium doped yttrium aluminum garnet (Y 3 Al 5 O 12 :Ce
3+
) with a blue InGaN chip [2] . However, the white light that it produces poor color rendering because of color deficiency in the red regions. Nitride-based phosphors provide chemical and thermal stability, and most importantly, they provide long wavelength emission, which improves color rendering index (CRI). A higher color rendering index means greater similarity approach to sunlight, and greater effectiveness for display or illumination purposes. To overcome the poor CRI of traditional LED, green and red phosphors have been combined with blue LEDs [3] [4] [5] [6] [7] [8] . The 5d orbitals of Eu 2+ or Ce 3+ in nitride compounds with highly covalent chemical bonds by nephelauxetic effect is significantly split into several levels under the strong crystal field. The crystal field splitting, which yields the downshift of the excited state of rare earth ions, resulting in phosphors that can be excited by blue light and whose emissions are red-shifted [9, 10] Typically, to operate light-emitting diodes steadily, they are supplied with power from an alternating current/direct current (AC/DC) converter, which converts a regular ac voltage to a low dc voltage for an LED driver. The drawback of this design is that the lifetime of the converter is around twenty thousand hours, but that of the LED device is around one million hours. Moreover, not only does the need for replacement of the convertor increase cost, but also the conversion equipment generates heat, reducing the lifetime of the device and increasing power consumption. To solve the problem of operating DC LEDs with alternating current, alternating current light emitting diodes (AC LEDs) have been developed. A DC LED chip is cut into many pieces to concentrate power on it. Therefore, the transformer can be eliminated, reducing the amount of heat generated. The AC LED has the advantages of low drive current, low static electricity, the lack of a need for a rectifier, and high extraction efficiency. The input operating voltage of an AC LED is around 80V, and the frequency is 120 Hz or less [11] . When the voltage is converted, a time gap of 1/120 s (~10 ms), called dead time, is generated. This time gap is highly related to the scintillation phenomenon. Therefore, phosphor for use in AC LEDs, whose half-life can compensate for dead time that is generated during the voltage conversion is sought to solve the problem of scintillation. The object of this study is to develop phosphor SrSi 2 O 2 N 2 :Eu 2+ ,Mn 2+ for AC LEDs, whose dead time that is generated during voltage conversion is compensated for by the half-life of the phosphor.
Experimental section

Materials and synthesis
Green phosphors, Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 ,Mn x , were prepared by gas-pressure sintering (GPS) and a solid-state reaction of SrCO 3 (Aldrich, 99.99%), Si 3 N 4 (Aldrich, 99.9%), rare earth dopant Eu 2 O 3 (Aldrich, 99.99%) and MnCO 3 (Cerac, 99.95%). The starting powder was ground in an agate mortar for 30 minutes to ensure homogeneity. The mixtures were placed in a boron nitride (BN) crucible and sintered at 1400°C for 1h under a pressure of 0.9MPa in the GPS furnace (FVPHP-R-5, FRET-25, Fujidempa Kogyo Co. Ltd.) with a graphite heater. After firing, the samples were cooled to room temperature. They were then ground again for subsequent use.
Characterization
The purity and composition of each phase were recorded on a PANalytical XPert'Pert PRO diffractometer in transmission mode with Cu Kαradiation (λ = 1.5418Å) at 45 kV and 40 mA. For phase identification, an average scan (0.03°/s) was performed. Data were collected in a 2θ range from 10° to 80° with intervals of 0.02°. Structural refinements were defined herein using a general structure analysis system (GSAS) refinement program. The photoluminescence excitation and emission spectra were obtained using a FluoroMax-3 and Fluoromax-P spectraophotometer at room temperature using a 150W Xe lamp and a Hamamatsu R928 photo-multiplier tube (PMT). Fluorescence decays were measured using an Edinburgh FLS920 spectrometer with a gated hydrogen arc lamp at room temperature. Twodimensional and three-dimensional thermoluminescence spectra were recorded using an ROSB TL&OSL 3D spectrometer. The samples were irradiated under 254 nm for 1 minute, and the emission peak obtained during heating at 2°C /s. The devices were packaged using a 460 nm-chip with driving currents of 5-10 mA at 100 V and 60 Hz. 2+ dopant content was observed from the XRD patterns, which can be attributed to the variation of charges of dopants in the lattice. As shown in Fig. 1 , the peaks of the XRD patterns shifted to a higher 2θ angle as the Mn To confirm that the doped structure was consistent with the crystal structure SrSi 2 O 2 N 2 , Rietveld refinement was performed as shown in Fig. 2 MSi 2 O 2 N 2 is a typical two-dimensional oxynitridosilicates. Silicon nitride ceramics contain more cross-linking which can be used to specify the degree of condensation. The degree of condensation in a network of SiN 4 tetrahedra can be easily evaluated the ratio of tetrahedral Si centers to bridging N atoms. The degree of condensation Si:N (κ) and the Si-N bond lengths in nitridosilicates are closely related to their behavior and structures. As (Fig. 3(a) Figure 3(a) shows the layered silicate structure. The coordination number of Sr was seven, which included six oxygen and nitrogen. The co-doped activators, Eu 2+ and Mn 2+ were substituted for Sr. Figure 3( 
Results and discussion
XRD refinement and crystal parameter
Analysis of photoluminescence properties
The influence of Mn 2+ concentration on the luminescence properties of Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 was investigated by varying the Mn 2+ concentration therein from 0 to 0.08. Figure 4 shows the excitation and emission spectra of the sample at room temperature. As can be seen in the photoluminescence spectrum, strong emission was observed at x = 0.02 under excitation by 460 nm. Excitation at 460 nm gives a green broad band emission that is centered at 540 nm. Analysis of the luminescence decay curves confirms the cause of the increase in intensity in the Mn co-doped Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 phosphors. Emission at 540 nm was detected upon excitation at 460 nm. Interestingly, the decay time of the Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 phosphor is on the nanosecond scale ( Fig. 5(a) ). When Mn 2+ is added, the decay time scale is on the millisecond scale (Fig. 5(b) ). Thermoluminescence is a form of luminescence that is exhibited by crystalline materials that are excited at higher energy, such as delivered X-rays or ultraviolet irradiation, at low temperature. Previously stored energy from electromagnetic radiation or other ionizing radiation is re-emitted as the material is heated. Figure 6 To explain the thermoluminescence data, Fig. 7 plots the fitting curve. The rate of detrapping is expressed as by the following equation [21] . (Fig. 8(a) ). In the Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 ,Mn x sample with x = 0.08, the transition of Mn was appeared to confirm assignment of each peak by the energy level of Mn From the three dimensional thermoluminescence spectra of samples could be used to predict the characteristic transitions [25] . The emission spectra in Fig. 8 ) is in line with the assignment of the observed shift of the color point when the concentration increasing from energy transfer in previous study [14] . Therefore, the thermoluminescence spectra could use to prove that there are four different sites of Sr 
Conclusions
This study explained why the Mn-doping of Sr 0.96-x Si 2 O 2 N 2 :Eu 0.04 phosphor increases its intensity of emission. Thermoluminescence glow curves are adopted to predict the characteristics. The trap parameters are calculated from the glow curve and reveal that the decay time is suitable for AC LEDs. Additionally, 3D TL emission spectra reveal the characteristic of difference of coordination environment in Sr
2+
. This is the first time to develop a green phosphor for AC LEDs and prove the four different sites of Sr 2+ through 3D TL emission spectra.
